Introduction
In 2010, total anthropogenic GHG emissions reached 49 (±4.5) Pg CO2 eq. yr −1 , 76% of which consisted of CO2 emissions. Agricultural, forest, and other land-use sectors (AFOLU) account for 20-25% (~10-12 PgCO2 eq. yr Biodiversity conservation is often assumed to be a cobenefit of activities that reduce forest carbon degradation (Waldon et al., 2011) , but REDD+ projects can have detrimental impacts on biodiversity if low-carbon, high-biodiversity forests are replaced with high-carbon, lowbiodiversity land uses, or if protection of high-carbon forests in one area leads to degradation of areas with endemic species or high-diversity forests elsewhere. Thus, biodiversity monitoring within a REDD+ framework is necessary to ensure that impacts, beyond carbon, are positive (Harrison et al., 2012) .
Future mitigation scenarios also rely on the central role of land-cover/land-use changes (Smith et al., 2014) . Therefore, monitoring systems for forest dynamics represent an important interface between science and policy. To ensure that predictions of change for a given action can be reconciled with actual changes in C stocks, integrative and multiscale approaches are needed to make systems applicable for a wide range of national realities and capabilities. One option for efficient and effective monitoring of forest dynamics is wall-to-wall assessment and temporal reassessments, using short time intervals to study forest recovery and resilience. Currently, monitoring systems provide classification with well-developed land-cover and change estimates but identification of changes in carbon stocks needs to be based on more ground information.
Monitoring forest degradation and REDD+ monitoring, reporting, and verification systems can be based on two components: activity data, to assess changes in forest area over time (forest cover loss in ha per year); and emission factors, to assess changes in average carbon stocks per unit area over time (change in carbon stocks in Mg C ha −1 ) (GOFC-GOLD, 2013). Activity data can be readily obtained from remote-sensing imagery to detect deforestation, but detecting forest degradation with these data is still a challenge. Moreover, emission-factor estimates for tropical forest deforestation and degradation are far more challenging to obtain (Plugge & Köhl, 2012).
Another important issue for REDD+ and forest degradation is building appropriate reference scenarios. REDD+ requires a reliable benchmark against which emission reduction can be calculated. This benchmark, sometimes termed a baseline or reference emission scenario, refers to how much emission would occur in the absence of a project. Credits will be based on the difference between this baseline and project net removals. However, developing countries frequently lack consistent historical monitoring and land-cover data. Therefore, in assessing historical degradation, they are forced to rely strongly on remote-sensing approaches mixed with current field assessments of carbon stock changes (Herold et al., 2011) . Given the lack of historical biomass data for appropriate benchmarks and the limited capability for monitoring degradation using remote sensing, Morales-Barquero et al. (2014) proposed that forest degradation is best measured against a local benchmark that represents areas of low or no degradation and sharing comparable biophysical characteristics.
Here, we review the main challenges to estimate changes both in GHG fluxes associated with carbon stocks, and biodiversity due to tropical forest degradation and regrowth. Three main points are stressed: (1) the combination of field inventories and remote sensing; (2) evaluation of biodiversity and carbon values under a unified strategy; and (3) research efforts needed to understand and quantify forest degradation and recovery. When combined, these three points can support the development and implementation of public policies that ensure tropical nations compliance to international commitments and efforts, such as those established by REDD+ national strategies.
Evaluating changes in forests: combination of field inventories and remote sensing
Forest degradation can be defined as the reduction of the capacity of a forest to provide key ecosystem services, such as carbon storage, and can be caused by natural (e.g., landslides and hurricanes) or human disturbances (e.g., selective logging and understory fires) (Parrotta et al., 2012) . Forest degradation, therefore, implies that quantifiable forest variables, such as canopy cover, remain above the threshold used to define deforestation. However, measuring carbon-stock changes due to different degrees of forest degradation is more complex and more costly than measuring carbon loss due to deforestation. This is because, while deforestation is highly visible for broadleaf tropical forests (i.e., the complete forest cover of an area disappears), degradation can be cryptic both to remote-sensing techniques and field . Forest responses to disturbance depend on the disturbance type, frequency, intensity, and extent, on intrinsic site characteristics (e.g., climate, soil, topography, species composition, and interactions), and on forest management (Fig. 1) . Forest postdisturbance trajectories can vary widely, and this variation needs to be considered in carbon accounting exercises, including patterns of regrowth over time (e.g., spatially explicit map of secondary forest and their turnover, faunal diversity, and nutrient availability). Events that are associated with large changes in the forest C stock and areas where carbon-storage changes are greatest, such as areas undergoing deforestation, degradation, and secondary forests dynamics, should be identified, quantified, and monitored in detail, as well as their impacts on long-term changes in community and key species composition. Countries can measure current rates of forest degradation through field or remote-sensing data, but a combination of the two types of data can reduce uncertainties in regional and national estimates (Asner et al., 2010). There is a direct relationship between an accurate and precise assessment of changes in carbon stocks and cost, with costs of measuring changes in carbon stocks increasing as both precision and landscape heterogeneity increase (IPCC, 2000) . Therefore, trade-offs between measurement efforts and uncertainty should be indicated when choosing spatial scales and measuring methods in carbon accounting (Fig. 2) . (Fig. 3) . Key issues to consider are which biophysical parameters should be measured and which time windows are appropriate to integrate the two approaches. synthesized the key sources and associated explanations of uncertainty in the quantification of emissions from land-cover change using Panama as study case (Table 1 ). The combination of errors drawn from allometric equations and sampling can be as large as 20-50% of the aboveground-biomass estimate. Other factors include historical map quality, land-cover classification accuracy, the time interval between two land-cover assessments, and the fallow C.
That study did not address forest degradation or soil C estimates because of the lack of robust information on these processes. Better ground observations that include long-term field studies on soil C pools, which cannot be monitored from space but are relevant, would improve emissions accounting and the understanding of forest dynamics. Optical sensors can only detect changes that affect upper canopy properties and have limited ability to estimate C stocks and C-stock changes, especially for dense forests, because spectral indices saturate at relatively low C stocks. Estimating forest biomass requires information on tree volume and wood density. In contrast to passive optical sensors, active sensors from radar and Biomass maps should not be static but should be produced in time series, thereby capturing Cstock evolution across time as consequence of observed events (or when time series are projected, using dynamic modeling, reflecting the risks of biomass loss). Forest plots under different management regimes, environmental conditions, and disturbance trajectories are relevant for ecological studies involving forest disturbance and recovery. Building an observational network of forest plots is a primary need that requires careful planning, including landscape-level assessment, integration with initiatives currently underway, and evaluation of time intervals for temporal reassessments needed to examine recovery and resilience of forests.
The coordination between detailed efforts (with more frequent and detailed sampling) and NFIs that have less detail but cover larger areas (including private lands) is highly desirable, considering information consistency.
An effective program of monitoring of forest dynamics must include the risk of fire, the fire regime, and emissions-associated environmental impacts. forest structure and available fuel material, and socioeconomic drivers), fire regime (seasonality, frequency, and human-dominated fire regimes), associated emissions (carbon, trace gases, aerosols, and committed vs. net emissions), and ecosystem impacts (burned area and severity, mortality, post-fire succession, and recovery). Table 2presents a compilation of different remotesensing products and some field studies. 
Ecological impacts
It is also important to consider that synergisms among simultaneous disturbance vectors dramatically increase rates of forest degradation. The combined effects of drought and understory fires can lead to abrupt and fundamental changes in vegetation structure and dynamics. In particular, droughts can trigger fire-induced tree-mortality events that are large enough to substantially reduce forest carbon stocks (by killing trees and combusting woody debris) and accumulation, increase forest flammability (by increasing air dryness), and facilitate forest invasion by flammable grasses (by increasing light availability in the understory).
Together, the modifications in forest structure and dynamics resulting from drought-fire interactions can create positive feedbacks between fire and grass invasion that lead to further degradation. For example, Silvério et al. (2013) showed that grass invasion following fireinduced tree-mortality events can increase the occurrence of high-intensity fires, as grasses produce more fine fuel than forests. These hot fires further increase tree mortality, the likelihood of grass invasion, and the potential for subsequent high-intensity fires, even in the absence of droughts. Forest fragmentation interacts with fire by creating flammable environments near forest edges that dry during prolonged dry seasons, increasing the fuel load and fire probability 
Monitoring carbon and biodiversity -need for a unified strategy
Unifying carbon and biodiversity monitoring is important for two key reasons. First, although biodiversity within (and often across) biomes is not necessarily correlated with carbon stocks (Leal, 2015) . Whatever the chosen sampling design, it is important that it captures the main anthropogenic stressors in the system of interest, which are likely to vary on a site-by-site basis. Furthermore, monitoring efforts will need to be fully integrated with local institutions to ensure longevity and adequate taxonomic support and will often be reliant on strong and long-lasting relationships with local landholders. None of these activities is trivial and will often require local training, capacity building as well as knowledge exchange, and dissemination activities. Network (RAINFOR), and Amazon Tree Diversity Network. These preliminary cost estimates indicate that it is feasible for the world community to meet most of its obligations relating to biodiversity under REDD+, maximize the use of new remote-sensing tools, and undertake the most ambitious capacity-building program in biodiversity that has ever been undertaken.
Integrating monitoring and ecosystem modeling: move toward more process-oriented approaches
A better understanding of forest dynamics requires the transition from the concept of carbon stock change toward a more process-oriented description of forest dynamics (recruitment, mortality, growth dynamics, and species composition), and how these processes are modified by direct anthropogenic disturbances (e.g., fire, logging, edge effects, and land conversion) and extreme climatic events (e.g., severe droughts, floods, and storms). Accounting for environmental impacts on forests over long time periods (at least several years) requires the consideration of not only external environmental changes (e.g., climate and deposition) but also changes in the vegetation itself that affect microclimatic conditions and carbon allocation (Grote et al., 2011) . Allocation in trees is often modeled under the assumption that the ratios between leaves, stem, and roots remain constant, within certain boundaries depending on species, and that tree height is the main parameter describing the effects of site-specific growing conditions. Even though allometric functions describe total biomass as a function of height and The integration of ecosystem models on a spatially explicit basis with monitoring systems represents a promising pathway to move toward a more process-oriented description of forest dynamics. Figure 4 represents the integration of field and remotely sensed data and ecosystem modeling to understand forest degradation and recovery. In many cases, the modeling framework exists, but appropriate parameterizations and data assimilation are still needed as more explicit representation of soil/plant water relations (from 'big leaf' to tree model) and stand dynamics (e.g., demography models) to allow the treatment of recruitment/mortality, and forest structure.
These models will be more diagnostic and not prognostic, but could be appropriate for understanding C-balance change in the kind of operational mode described here (e.g., spatially explicit, with ecosystem models improving estimates of fluxes). Modification of current models to first address the largest unknowns should be prioritized, recognizing that different model development/information streams will be required for a synthesis framework. Advances in the current state of knowledge involve complementary efforts for field collection to supply needed parameters, the use of already installed permanent plots to support functional trait-based approaches, as well as the use of available data bases (e.g., converting taxonomic information into functional groups, trait data bases), and the analysis of what traits could be extracted from new data streams (e.g., LiDAR, hyperspectral data). Soil data from forest inventories could be used to improve the analysis of spatial and temporal variation in soil nutrients. Significant efforts need to be put toward model development/validation, especially toward exploring how to better apply data assimilation.
A synthesis of data from areas identified as being most dynamic in terms of biomass change is also relevant for understanding the spatial configuration of biomass loss. Biomass data will ultimately be provided by remote sensing (e.g., ESA Biomass mission will provide data after 2020, LiDAR in 2019), but the models have to contribute to explanations of why the biomass is distributed the way it is and also how biomass relates to function, resilience to disturbance, and biodiversity metrics. Rates of biomass accumulation following disturbance and how those are influenced by climatic and soil parameters as well as the pattern of landscape disturbance (e.g., distance to seed source) affect how much C is released (net emissions).
Research priorities for forest monitoring systems
The determination of ecosystem carbon balances is a major issue in environmental research.
Research on disturbances inducing forest degradation and subsequent recovery is necessary to understand the causal factors related to C-stock changes and associated emissions. Although the assessment of deforestation due to clear-cutting is well developed, monitoring of degradation, regeneration of forests and their environmental consequences also requires greater efforts. Current monitoring methods (remote-sensing and field data) have shortcomings in the assessment of temporal changes of forest inventories associated with degradation, as well as forest regeneration. The limitations on the quantification of degradation and forest recovery remain major constraints for the verification of results required by the REDD+ mechanism. Additional research efforts could help to augment long-term monitoring efforts with a focus on important aspects of the carbon loss pathways (e.g., combustion, decomposition, and soil carbon dynamics) and on direct manipulation experiments or space-for-time studies.
It is crucial to quantify and reduce uncertainties in relation to fire effects and their impacts.
Future research should move to improve validation (active fires, burned area, emissions ratios, fire effects -short and long term), downscaling (higher resolution mapping, attribution to specific land-cover types, and processes of degradation/deforestation/management), and data integration (scales, models, networks linking ground data, national monitoring efforts, and also international networks of fire research). provide data for the same area over five to ten days (the sensors of these three satellites were previously precalibrated). This means that the temporal resolution of MODIS (via time series)
will be replicated to a spatial resolution (at least) 64 times higher. Data of this nature will be extremely useful to map processes related to plant traits and cryptic degradation. As for the processing capacity, platforms using cloud computing (e.g., Google Earth Engine) can process Landsat 8 images rapidly and could improve spatial resolutions of models and interactions involving a much larger number of variables. While potential contributions from new satellite missions are recognizable, we also must be realistic about how some of these future efforts will be translated in operational forest monitoring systems (e.g., a 1-year GEDI LiDAR mission in 2018-2020). However, the combination of field inventories and ecosystem modeling with new remote-sensing tools can open new opportunities for faster progress of operational systems.
Complementary efforts of field collection are needed to provide more precise parameters and contribute to the explanation of how the growth performance is influenced by climate and soil aspects. The ecological modeling should add information on processes that influence the responses of forests to disturbances, such as nutrient limitation, decomposition rates, and growth rates.
A way forward to an integrated framework
While assessment of deforestation is well developed, forest degradation is neither well assessed nor validated adequately. Forest degradation (unlike deforestation) is not binary, but rather a continuum. Monitoring systems for forest degradation, whether based on in situor remotely sensed data (or more likely a combination) depend upon operational definitions limited by the sensitivity of the measurement approaches employed. Current degradation estimates differ due to the interaction between different processes, such as logging and fire, temporal mismatch, scale of analysis, and threshold effects. Successful monitoring of degradation will have to be linked to viable quantitative-measurement approaches. A summary of the main points on how to move forward with the scientific agenda and implementation of improved monitoring systems of forest dynamic is presented in Table 3 . The recommendations were divided into the following topics:
(1) Mobilization of stakeholders and scientific community to include an integrated framework in the political agenda, (2) Harmonization of national monitoring programs and existing initiatives, 
